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Electron lifetimes in dye-sensitized solar cells employing a porphyrin dye, an organic dye, a 1:1 
mixture of the two dyes and a di-chromophoric dye design consisting of the two dyes using a 
non-conjugated linker were measured, suggesting that the dispersion force of the organic dyes 
has a significant detrimental effect on the electron lifetime and that the di-chromophoric design 
can be utilized to control the effect of the dispersion force. 
 
Introduction 
Retardation of charge recombination between injected electrons and oxidized species of redox 
couples in dye-sensitized solar cells (DSSCs) is still an important issue especially when new 
redox couples are employed.
1-3
 The recombination can be retarded by surface treatment of the 
TiO2 surface
4-7
 and by selecting an appropriate electrolyte to some degree.
8-10
 In addition, the 
electron lifetime has been controlled by tailoring the structure of dyes.
2,11-14
 The addition of alkyl 
chains to dyes is one of the typical strategies.
15
 As factors influencing the electron lifetime,
13
 we 
have proposed blocking effect, electrostatic force and dispersion force. The dispersion force of 
dyes attracts redox couples in electrolyte solutions. Thus, when dyes having larger dispersion 
force are employed in DSSCs, it results in faster recombination. The dispersion force is increased 
as the HOMO-LUMO energy gap of dyes is decreased.
14
  Thus, if dyes absorb broad range of 
solar spectrum, the dyes attract redox species inherently.  
While the effect of the dispersion force seems significant, it has not been taken into account 
explicitly to design new dyes. Previously, we reported that dimers, which consist of two 
porphyrin cores connected with a non-conjugated linker, gave longer electron lifetimes than 
porphyrin monomers.
16
 The longer electron lifetime was attributed to the addition of a blocking 
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effect without increasing the dispersion force. In view of the light absorption property, the 
absorption spectrum of the dimer was similar to that of the monomer, and thus the optical benefit 
of the dimer was a higher absorption coefficient.
17
 In this work, we extend the idea of the non-
conjugated dye design to obtain not only a longer electron lifetime, but also panchromatic 
absorption by synthesizing a di-chromophoric dye consisting of porphyrin and organic dye 
frameworks. We also demonstrate that this di-chromophoric design can be utilized to control the 
effect of the dispersion force by comparison to individual and mixed monomers. 
 
Results and discussion 
Fig. 1 shows the UV-vis absorption spectrum of the dyes measured in solution, together with 
their chemical structure. The synthesis and characterization (differential pulse voltammetry) of 
the organic dye 6 and di-chromophoric dye 7 are reported in the Supporting Information, while 
detailed characterization of the porphyrin dye 10 has been reported elsewhere (see Table 1).
11
 
Organic dye 6 was selected for this study due to its lower onset of absorption (660 nm) and 
nearly twice as large extinction coefficient within the 450 nm to 650 nm wavelength range 
compared to 10, enabling increased light harvesting when used in a di-chromophoric design. The 
porphyrin and organic dye chromophores are covalently attached using a phenylethenyl linker in 
7. As DFT calculations show (see SI Fig. S4 and Fig. S5), the terthiophene unit of the sidechain 
is twisted relative to the porphyrin plane by 64 degrees, preventing the overlap of π orbitals. The 
lack of significant electronic communication in the ground state is evident from Fig. 1 showing 
that the UV-vis absorption of 7 is a simple superposition of the spectrum of 10 and 6. This is also 
consistent with DFT calculations (see SI Fig. S4 and Fig. S5). 
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Figure 1. Molar extinction coefficient (ε) of the compounds measured in THF. The inset shows 
the molecular structure of the dyes. 
 
 
Figure 2. Current density-applied potential curves of DSSC measured under 100 mW cm
-2
 white 
light (solid lines) and dark (dashed lines). DSCCs were fabricated using 2.0±0.1 µm TiO2 films. 
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Figure 3. (a) Light harvesting efficiency (LHE), (b) Incident photon to converted electron 
(IPCE) and (c) Absorbed photon to collected electron (APCE) spectra of DSSCs using 2.0±0.1 
µm TiO2 films. 
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Figure 4. “Full” dye loading experiments; (a) Electron lifetime and (c) diffusion coefficient 
versus short circuit current density, (b) electron lifetime and (d) open circuit voltage versus 
electron density for DSSCs using the E1. 
Fig. 2 shows the current density versus applied potential curves for DSSCs prepared using 
10, 6, 7 and the mixture of 10 and 6 using thin, 2.0±0.1 µm transparent TiO2 films. 
Measurements were recorded in the dark and under calibrated AM 1.5 100 mW cm
-2
 
white light illumination. The organic dye 6 and the 10+6 mixture (approximately 1:1 by 
mol on surface, 3:1 by mol in solution) achieves the highest short circuit current density 
(5.6 mA cm
-2
), a 10% increase compared to 10 and nearly twice as large as 7. The open 
circuit voltage of DSSCs using the organic dye 6 is the lowest by 100 mV compared to 
the porphyrin dye 10. DSSCs using the 10+6 mixture show 20 mV increase compared to 
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6, while the di-chromophoric porphyrin dye 7 shows 20 mV lower VOC compared to 10. 
The power conversion efficiency is between 2.3% and 2.4% for DSSCs sensitized by 10, 
6, or the 10+6 dye mixture, while it is significantly lower at 1.4% for the DSSC sensitized 
by dye 7. 
Fig. 3 (a) shows the light harvesting efficiency (LHE) of DSSCs calculated using the 
absorption of the dye sensitized thin film and an optical model.
17
 The di-chromophoric 
dye 7 has the largest LHE across the whole visible wavelength spectrum peaking around 
70%.  
Compared to the LHE of 10, the benefits of attaching the organic chromophore in 7 is 
evident both in a two to three fold increase in LHE values within the 500 nm to 650 nm 
wavelength range, as well as extending LHE by 40 nm to lower photon energies. In 
contrast, the improvement in LHE is less for the 10+6 mixed dye system. This is because 









). By co-adsorbing 10 and 6, the individual chromophores are 
diluted, whereas using the di-chromophoric dye design, the total chromophore 
concentration is doubled, clearly demonstrating the benefits of this approach when thin 
TiO2 electrodes are used.  
Fig. 3 (b) and (c) show the IPCE and APCE=IPCE/LHE values. The highest peak IPCE values 
are measured for the porphyrin dye 10. On the other hand, the organic dye 6 and the 10+6 mixed 
dye DSSCs show lower IPCE values but a broader wavelength coverage, giving the higher short 
circuit current densities compared to 10. 
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The IPCE values measured for 7 are less than half of 10 or 6, and have a higher energy onset 
compared to 6 and 10+6. APCE, which in thin film devices with nearly 100% charge collection 
efficiency represents injection efficiency, is above 80% for 10 (see ref.
11
), 50% for 6, 75% for 
10+6, and 30% for 7. The APCE values are increased when using the same redox electrolyte 
without the tert-butyl pyridine (tBP) additive (E2 electrolyte), causing a 100 mV shift in the open 
circuit voltage versus charge density plots (see SI Fig. S8 and Fig. S9), suggesting that the TiO2 
conduction band edge has shifted positively in agreement with numerous reports in the 
literature.
8,12,18-20
 A downward shift in the CB edge position leading to increased injection 
efficiency
12
 is the most likely cause for the increased IPCE values. The first reduction potential 
of 6 and 7 is 300 mV more positive compared to 10, which suggests the more pronounced 
increase in IPCE of 6 and 7 using the E2 electrolyte (Table 1). The low IPCE of 7 even using 
electrolyte E2 can be explained by the unfavorable electronic structure, i.e. the side chain 
chromophore acting as an electron acceptor when the porphyrin core is photoexcited, creating a 
competing charge separation pathway to electron injection into TiO2 (see SI Fig. S8). 
Fig.4 shows the electron lifetime and diffusion coefficient values determined using transient 
photovoltage and photocurrent decay measurements, together with using a charge extraction 
technique to obtain charge density at open circuit voltage condition. Between the monomers, the 
order of magnitude longer electron lifetime was observed at matched electron density in DSSCs 
using 10 compared to 6 (Table 1). The difference is mainly due to the ability of complex 
formation for the porphyrin with tBP, that is, the tBP could increase the blocking effect and / or 
reduce the effect of dispersion force of the porphyrin. When tBP was removed from the 
electrolyte, the lifetimes became comparable between the two dyes (see SI Fig. S9). The mixed 
dye system 10+6 shows only a factor of two increase compared to 10. The electron lifetime in 
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the mixed dye system appears to be less sensitive to the mixing ratio at lower concentrations of 
the porphyrin dye 10:6 (15:85, 25:75, 55:45, see SI Fig. S6), with a slight increase when 10 is 
larger than 50%. Since 6 attracts redox species strongly, the effect of 6 still dominates the 
electron lifetime. The di-chromophoric dye 7 has the longest electron lifetime with a slight 
increase compared to 10. The VOC versus electron density plot shows a less than 50 mV shift. 
The difference in free energy cannot explain the order of magnitude difference in electron 
lifetime using the di-chromophoric design. Dispersion force is caused by the induced dipole 
moment of molecules. The di-chromophoric dye can have induced dipole moment in each 
chromophore, that is, two dipole moments can be formed in 7. The longest lifetime with 7 
suggests that the effect of the two dipole moments can be controlled individually. The effect of 
the dispersion force due to the porphyrin core can be reduced by tBP in electrolyte, but the force 
due to the organic framework chromophore is fully effective. Since the organic chromophore is 
attached on the opposite side to TiO2 binding group of the porphyrin core, even though the 
thiophene-based chromophore attracts redox species, the attracted species are located a few 
nanometers away from the surface of the TiO2. Thus, less facilitation of recombination is 
expected. The organic chromophore can even block the diffusion of the redox species closer to 
the surface of the TiO2, opening the possibility to utilize the dispersion force to elongate the 
electron lifetime. 
To test the above hypothesis, electron lifetimes at reduced dye loading were compared in DSSCs 
using 10 and 7 (Fig. 5). A new batch of TiO2 films with slightly larger thickness (2.8 µm) were 
used for these experiments, which resulted in a higher short circuit current density and only small 
changes in the open circuit voltage at a “full” dye loading conditions (Table 1). As the dye 
loading is reduced to 12% of the “full” loading condition, the short circuit current and the open 
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circuit voltage for both 10 and 7 drop. Despite the nearly identical short circuit current at these 
reduced dye loading conditions, the open circuit voltage obtained using 7 is 50 mV higher than 
that of 10. Fig. 5(b) suggests that the higher VOC is due to the five times longer electron lifetime 
at reduced dye loading using 7 compared to 10 at the same electron density (Table 1). The TiO2 
conduction bottom edge potential remains the same (no shift in electron density versus VOC) as 
shown in Fig. 5(d). The important result is that the electron lifetime using 10 is greatly reduced 
at reduced dye loading, consistent with our previous explanation of blocking effect of bulky tBP 
molecules attracted to the Zn porphyrin molecule. At reduced dye loading, the blocking effect is 
expected to diminish as the now exposed TiO2 surface cannot be effectively blocked by the much 
fewer molecules on the surface. In contrast, the electron lifetime at reduced dye loadings using 7 
remained long. This is consistent with the proposed dispersion force acting between the organic 
chromophore and triiodide ions. The presence of the largely polarizable organic molecules a few 
nanometres away from the TiO2 interface, even at low concentrations, is effective to locate 
triiodide ions away from the interface and therefore reduce the electron transfer rate between 
TiO2 electrons and triiodide ions. The proposed mechanisms are displayed graphically in Fig. 6. 
The above experiments, while do not specifically probe the interaction between the dye 
molecules and triiodide ions, provide a very useful practical guide to increasing electron lifetime 
using low bandgap, hence highly polarizable chromophores using the di-chromophoric concept. 
While the power conversion efficiencies of the dyes are not particularly high, the concept could 
be applied to much more broadly absorption, champions DSSC sensitizers based on porphyrin 
and phthalocyanine dyes with large extended π-conjugation systems. 
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Figure 5. Reduced dye loading experiments: (a) Electron lifetime and (c) diffusion coefficient 
versus short circuit current density, (b) electron lifetime and (d) open circuit voltage versus 
electron density for DSSCs using the E1. 
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Figure 6. Graphical illustration of the effect of i) physically blocking the approach of triiodide 
ions by tBP attracted to the Zn porphyrin and ii) dispersion force by the organic chromophore at 
“full” and reduced dye loadings.  
 
Conclusion 
In summary, dye-sensitized solar cells were prepared with a porphyrin dye, an organic 
dye, the two dyes or a di-chromophore synthesized with the two dyes’ frameworks with a 
non-conjugated linker. The electron lifetimes in the DSSCs were measured, showing the 
Page 12 of 20
ACS Paragon Plus Environment






























































dyad and the organic dye gave the longest and the shortest lifetimes, respectively, while 
the porphyrin dye provided slightly shorter electron lifetime than the dyad and the mixed 
dyes displayed slightly longer electron lifetime than the organic dye. The results are 
explained by the organic dye having a larger attractive force to acceptor species in the 
electrolytes than the porphyrin dye. When the organic dyes are on the TiO2 surface, they 
increase the concentration of the acceptor species in the vicinity of the TiO2 surface. For 
the dyad, the organic dye component is attached on the top of the porphyrin dye, and thus 
the attracted acceptor species by the organic dye component are located far from the TiO2 
surface. This hypothesis is consistent with electron lifetime measurements at reduced dye 
loadings, which shows a large decrease of the electron lifetime measured for 10, 
consistent with diminishing blocking effect, while remains relative long for 7. Such 
interpretation leads a design guide for such dyes, that is, the addition of the acceptor 
attraction center to dyes can be utilized to control the recombination, and organic dyes 
can be used as the attraction center. 
Experimental Section 
The synthesis and chemical analysis of the compounds is found in the Supporting Information. 
UV-visible (UV-vis) absorption spectroscopy was recorded using a Shimadzu UV-3600 
spectrophotometer in tetrahydrofuran (THF, 99.99%, Honeywell) solution at room temperature. 
Dye-sensitized solar cells (DSSCs) fabrication and characterization. The photoanode 
consisted of a fluorine doped tin oxide glass (FTO glass, 3 mm, 8 Ω/square, Nippon Sheet Glass) 
substrate, spray coated titanium diisopropoxide bis(acetylacetonate) (TAA, 75% in isopropanol, 
Aldrich) as a dense TiO2 layer, screen-printed mesoporous TiO2 layer (18-NRT, Dyesol) and a 
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TiCl4 solution (99.0%, Sigma-Aldrich) post-treatment as the mesoporous layer.
11
 The size of 
each device active area was 4 mm × 4 mm. The photocathode was a thermally decomposed Pt 
layer on FTO glass (2.2 mm, 7 Ω/square, TEC). 
The photoanodes were immersed into a dye solution for 1.5 h to achieve dye-sensitization. The 
solvent was THF (97%, Ajax), which was dried by activated alumina. The concentration of the 
dyes 10, 7 and 6 was 0.2 mM for the “full” dye loading condition. For the mix dye devices 
consisting of 10 and 6, three different mole ratios were selected with the total dye concentration 
of 0.2 mM. The concentrations of 10 and 6 in the 1:3, 1:1 and 3:1 mixtures were 0.05 mM and 
0.15 mM, 0.1mM and 0.1 mM and 0.15 mM and 0.05 mM, respectively. For the reduced dye 
loading in Fig. 5, the photoanodes were immersed into a dye solution with the concentration of 
0.01 mM.  
The mole ratio in the mixture given in Fig. 1 and Table 1 was calculated for solutions, while for 
Figs. 2-4 it refers to that on the TiO2 film.  
E1 electrolyte comprised of 0.6 M 1,2-dimethyl-3-propylimidazolium iodide (DMPII, 
synthesized in house), 0.1 M LiI (99.9%, Aldrich), 0.05 M I2 (99.99%, Aldrich), 0.5 M tert-
butylpyridine (tBP, 96%, Aldrich) in acetonitrile (AN, 99.8%, Sigma-Aldrich): valeronitrile 
(VN, 99.5%, Sigma-Aldrich) with a v/v ratio of 85:15. E2 electrolyte was same as E1, except it 
did not contain tBP. 
Current density-voltage (J-V) measurements were carried out using simulated 100 mW cm
-2
 
AM 1.5 matched white light using a solar simulator (Newport). A Keithley 2400 source measure 
unit was used for recording the current / voltage response. A 6 mm × 6 mm shadow mask was 
used. 
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Incident photon-to-current conversion efficiency (IPCE) was measured using a QEX10 
quantum efficiency measurement system (PV measurements). The illumination spot size was 
smaller than the active area of the devices.  
Light harvesting efficiency (LHE) measurements of the sensitized films was calculated from 
the UV-vis absorption of the films, considering the reflection from both photoanode and 
photocathode, as well as the absorption of the electrolyte.
17,21
 










  (1) 
Stepped light-induced measurements of photocurrent and photovoltage (SLIM-PCV) and 
charge extraction were carried out using the setup that was described elsewhere.
11,12
 A 635 nm 
diode laser was employed as the light source. Electron lifetime (τ) was measured by < 1 mV 
voltage decay after stepping down the laser intensity at open circuit condition. Electron diffusion 
coefficient (D) was measured by < 10% current decay after stepping down the laser intensity at 
short circuit condition. Electron density (ED) at open circuit condition was measured using a 
nanosecond switch (AsamaLab) by switching off the laser totally followed by accumulating the 
generated electrons using a multimeter (ADCMT 7461A).  
The amount of dye loading on TiO2 was determined by desorbing the dyes from the TiO2 using 
0.1 M tetrabutylammonium hydroxide solution (TBAOH, 40 wt.% in water, Fluka) in DMF. The 
absorbance of the desorbed dye solution was to calculate the dye concentrations. For the mixed 
dye desorption studies, dye concentrations were calculated from absorbance at 388 nm and 432 
nm for the organic chromophore and the porphyrin, respectively. 
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Supporting Information 
Material synthesis, Photoluminescence spectra, Differential pulse voltammetry, Energy diagram, 
Detailed DFT calculations and resonance Raman spectroscopy, Detailed photovoltaic 
characterization. This material is available free of charge via the Internet at http://pubs.acs.org. 
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Table 1. Optical and electrochemical properties of the compounds 
#
TiO2 thickness 2.2 µm, 
*
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